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Flow Microfluorometric Approaches to Cell FKinetics

Development and application of high-speed flow systems for
automsted ringle-czil analysis of the DNA content of cell populations
have provided a unique and powerful tool for use in cell-cycle studies
and cell kinetic studies. Advances in instrument technology, coupled
wvith rapid DNA staining methods requiring only 10 (Krishan 1975) or
20 (Crissman and Tobey 1974) minutes, can now be used to monitor the
cycle distribution of cell populations during the course of an exper-
iwment, thus providing the investigator with an opportunity for altering
a protocol at any appropriste interval. Tiwme-sequence sampling and
flow analysis of cultured cells, as well as normal and tumer cell
populations, yield valuable information which reflects natural or
induced changes in cell proliferation kinuvtics. These techniquas have
baen used in our Laboratory to study the effects of x-irradiation on
cell proliferation (Raju et al. 1974), the kinetics of lymsphocyte
population stimulation by specific antigens (Cram et al. 1976), and
the effeacts of various drug agents on cell-cycle progression (Tobey
and Crissman 1972, 1975a; Tobey et al. 1975). Investigators in wmany
othar laboratories (Hillen et al. 1975; Schumann et al. 1975; Krishan
and Frei 1976) have also used flow-system techniques for analysis of
cell kinetics in thair own systems [see also the Proceedings of the
First (Haaner. et _al. 1975) and Second (G:hde et al. 1976) Ianter-
na“ional Symposia on Pulse Cytophotometry fcr additional exasples).

Although the flow microfluorometric (FMF) techniquas do'not pre-

clude use of standard biochemical mathods of cell-cycle analysis, MMF
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dows offer, in addition to spoed and precision of analysis, several
key advantages as outlined previously (Tobey and Crissman 1975b)
but deserving resmphasis here. Among the advantages of the PMF pro-
cedures sre the abilicty to (1) localize cells in S phase so as to
permit distinction between sarly, mid, and lste S phase cell popula-
tions, (2) monitor populations comprised of slowly travectsing or
arrested cells, (3) analyze populations devoid of cells in $ phase or
aitosis, (4) enalyze populations containing cells unable to transpert
or utilize 3n-thyu&dinc. and (5) discinguish between intact and
fragile (dying) cells, as will be demonstrated further in this reporc.

Flou-systes analysis of other important ce)lular parsmeters can
now be used for rapid, simultaneous anslysis of cellular DNA, protein,
cell volume, and light scattering of cells, wvith the added option of
slectronic n;rttug of particular cells fulfilling s set of predetermined
biological criteria. Protein content and cell volume are important
cellular properties of interest, since thase parameters reflect the
gross biosynthetic capacity of a cull pcpulation. Light scattering by
cells yields information on cell size (Mullaney et al. 1969) and/or
cellular morphology, depending on the sngle used for scatter anaiysis
(Salzman et al. 1975). Analysis of the fluorescence signals of cells
stained for both DNA and protein provides a method for performing
auclear-to-cytoplasmic decerminations of s cell populacion (Steinkamp
snd Crissman 1974). As an altevnate approach, analysis of rhe fluores-
cence signal and small-angle light-scatter signal from DNA stained cells

will also yield information concerning the comparative size reslation~

ship of nucleus and cytoplasm (Steinkamp et al. 1976).
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In this reporc, we will present several examrles that demonstrate
the versatility of flow microfluorometry, with particular emphasis on
use of the system for analysis of cell kinetics and/or cell growth
in the in viw L1210 ascites and Lewis lung carcinoma model tumor
systems as wcll as the in vitro CHO cell culture system. Since we .ave
previoualy discussed the aspects of cell dispersal, fixstlion, and stain-
ing (Crissman et al. 1975), these protocols will not be discussed in
detail. Descriptions of the design and operationu. features of the
singla-parameter (Van Dilla et al. 1964; Holm and Cram 1973) and the

sultiparameter analysis and cell sorting systems (Steinkamp et al.

1973; Mullaney er al. 1974) have been discussed elsevhere.

ANALYS1IS OF THE PROLIFERATION KINCTICS AND PROTEIN CONTENT OF L1210
ASCITES CELLS

The L1210 leukemia was chosen as the standard model tumor refer-
ence system for screening and evaluating chomotherapeutic drugs at
the 1974 World Conference on Drug Screening held in Geneva, Switzerland
(Scheparts 1975). The tumor originazed in 1948 in the spleen and lymph
ode of mice whose skin had been painted with methylcholanthrene
(Geran et al. 1972). The tumor is propagated in vivo in DBA/2 mice;
however, the BDF, wouse (C57B1/6 x DBS/2) is commcnly used as the host
for drug testfag. In thes present =tudy, the L1210 ascites wers grown
in DBA/2 wmice following an initial introperitoneal inoculation ot 105
cells. Under these conditions, hemorrhaging was noticeable in the

paritoneal cavity on about day six or seven and was extensive at death

(days eight to ten).
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Mice were sacrificed at daily intervals, beginning on day two
after tumor cell inoculation. Cells were harvested by aspiration,
washed once in saline GM (balanced salt solution lacking calcium and
magnesium) containing 0.5 mM EDTA, and fixed in 702 ethanol for HgClz
(Crissman and Tobey 1974) or for staining of both DNA and protein,
respectively, using propidium iodide (Calbiochem, 0.1 mg/ml in phosphate-
buffered saline) and fluorescein isothfiocyanate (J. T. Baker Co.,
0.05 sg/ml in 0.5 M sodium bicarbonate adjusted to pH 8.0), as pre-
viously described (Crissman and Steinkamp 1973).

Typical DNA distribution patterns obtained for mithramycin-
stained populations of L1210 celis obtained on days two through seven
are shown in Figure 1. Comparison of these DNA distributions to Figure 1
those of normal (dipleid) spleen cells (not shown) indicated that the
G1 cells of L1210 have a 2C DNA content. The percentage of cells in
Gl’ S, and G, + M, presented graphically in Figure 2, was determined Figure 2
by computer-fit analysis of the DNA distributions using the Dean and
Jett program (1974). These data and dati obtained from similar exper-
iments in our Laboratory vividly reveal changes in the proliferation
kinetic patterms which are concomitant with increased cell density or
tumor age.

There is an initial lag in tumor growth as indicated by the low
percentage of cells in S phase on day two; however, a rapid increase
in cell proliferation is apparent by days four and five, followed by a
decrease in proliferating cells on day six. This dramatic decrease in
cell progression capacity may result from release of cytotoxic sub-

stances during the extensive hemorrhaging which begins on day six.
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The percentage of cells in S phase remains unchanged on day sevean;

however, there is a sizable increase in the G, + M fraction. It is of

2

interest to note that the percentages of cells in G,, S, and G, + M

1 2

at the peak of growth on day five are quite comparable to values
obtained previously in our Laboratory for exponentially growing L1210
cells in vitro (i.e., percentages in Gl, S, and G2 + M, respeccively,
of 29.2, 65.5, and 8.3).

Exsmination of the DNA distribution patterns (Figure 1) reveals
some fine structure worth noting. On day four, for example, there
appears to be a slight but reproducible accumulation of cells in early
S phase, possibly suggesting that cells are not traversing as rapidly
through that portion of the DNA replicative phase (i.e., reflecting
differences in the rate of DNA synthesis during that stage of tumor
development). Additional studies, including cell enumeration and 3H-
thymidine incorporation, obviously are necessary to provide a more
detailed characterization of the L1210 ascites system. Investiga-
tions involving the continuous labeling of cells with 3H-thyn1d1ne,
followed by sorting of cells from various phases of the cell cycle for
standard sutoradiography analysis, would yield information concerning
non-traversing cells. The number of arreated or slowly traversing
cells could be asyessed, since these cells would show little or no
3H-thyn1d1ne Iincorporation. This technique has been used previously
for population analysis of acrrested human diploid fibroblasts
(Dell'Orco et al. 1975).

Simultaneous analysis of DNA and protein provides useful informa-

tion relating to the biosynthetic capacity of cells at various phases
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of the cell cycle (Crissman and Steinkamp 1973). Since a gross im-
balance in the DNA/protein ratio will eventually lead to cell death,
analysis of the quantitative relationship of cthese parameters may be
useful also for elucidating the occurrence of ensuing phase-specific
cell death. Figure ) presents sirgle-parameter and dual-parameter Figure 3
DNA/protein profiles for L1210 ascites cells. The protein content
distribution is similar to that obtained for cultured L1210 cells (not
shown) .

We are currently using DNA/protein staining and simultaneous
analysis techninues to study cell growth as ‘vell as proliferstion
capacity. Dual-parameter sorting techniques which permit cell sorting
based on both DNA and protein content could be incorporated inco the
3!-:hy-1d1na and autoradiographic studies suggested above. This would
provide an extremely sensitive analytical system for studying cell

kinetics in tumor systems.

ANALYSIS OF DNA AND PROTEIN OF NORMAL CELLS AND TUMOR CELLS IN

THE LEWIS LUNG CARCINOMA

The Lewis lung carcinoua is a solid tumor system which has slso
been used for drug screening. Tumors are propagated as subcutaneous
(sc) implants in C57B1/6 mice, and tests are generally performed with
the BDF1 mouse serving as host anima) (Geran et al. 1972). Primary
(sc) tumors grow rapidly and will eventually metastasize to the lung
and other organs. This presents an interesting system for studying

the growth kinetics of the tumor under differing in vivo environmental

conditions. Simpson-Herren et al. (1974) have recently presented
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results of asutoradiographic studies which demonstrated differences in
the mode of proliferation of the primary tumor and lung metastases of
the Lewis lung carcinoma.

DNA and protein distributions of primsry tumor and lung metastases
of the Lewis lung carcinoma from C57B1/6 mice are shown in Figures 4
and 5, respectively. In preparation for these analyses, primary tumors
or lung tumors were forced through 500-um Teflon mesh into cold saline
GM containing 0.5 mM EDTA. The tumor materisi was pipetted 20 times
in end out of a 5-ml pipette and then filtered first through a 120~-um
filter and then a 62-um nylon filter. Cells were pelieted by ceantri-
fugation, washed once in saline GM plus EDTA, fixed in 70X ethanol, and
stained for both DNA and protein as described for L1210 cells.

Based on results obtained in both cell sorting experiments and DNA
content analysis of diploid spleen cells, the peak designated 2C in
the DNA distributions shown in Figures 4 and 5 is normal cells, and
the second and third peaks represent, respectively, the G1 (4C) and
62 + M (6C) populations of the L..sor cells. The percentages of cells
in Gl. S, and G2 + M were 38.7, 54.9, and 6.4, respectively, for the
primary tumor and 58.8, 32.0, and 9.2, respectively, for ‘the metastatic
population. The fraction of cells in S phase for the lung metastases
is in good agreement with the pulse labeling index (36%) obtained by
Simpson-Herren et al. (1974) in spontaneous metastatic lung tumors
17 days after implantation of the primary (sc) tumors. That investiga-
tion yielded a much lower labeling index (261) for primary tumcrs than
the 547 S phase fraction obtained in our studies. However, several

significant differences J» experimental design of the two studies make

Figure 4

Figure 5

JENCU
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it difficult to compar= the results directly. The protein distridbu-
tions of normal lung cells (dotted lines) and tumor cells (solid lines)
in Pigures 4 and 5 were obtained by gated analysis of the DNA dis-
tributions in regions labeled (i) and (2), respectively. Tumor cells
have n greater protein mass than st normil cells. .

Normal cells are present in mcst solid tumors where they function
in various arpects of nutricion (i.c., precvide adequate blood supply)
or where they aid in providing a framework system for tumor architecture.
In spite of the fact that the number and types of normal cells must change
during the various gtages of tumor development, little attempt has been
made to exploit this phenomenon for characterizing the developmental
stages of tumor growth and proliferacion.

In the context of drug evaluation, the effects of var.ous chemical
agents on normal cells are often as important as the effects on the tumor
cell population. In either instence, use of the techniques demonstrated
here should be extremely useful. Sorting of cells based on DNA content
measurements can provide a concentrated population composed of large
numbers of normal cells for microscopic analysis. Protein content anal-
yses of normal cells and tumor populations would be useful for determin-

ing the physiological condition of cells during drug testing experiments.

DETECTION OF FRAGILE (DYING) AND INTACT CELLS

Dead or dying cells are present in varying proportions in most
tumor systems and ave also found in great abundance in cell systems
that have been treated with chemotherapeutic agents. Information

concerning the relative proportion of dying to living cells, as well
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as the cell cycle phase in wvhich cell death occurs, would be extremely
useful for studying tumo:r cell kineti:cs or for elucidacting the phase-
specific cytotoxic effect of drugs.

We have recently devised and utilized a method for detecting dying
(fragile) cealls in specific phases of the cell cycle (Tobgy and Criss-
aar 1975b). The technique employs both the acriflavine-Fei.lgen DNA
staining pro:edure (Tobey et al. 1972) which destroys fragile or dying
cells and the mild, one-step mithramycin staining metnod which seems to
preserve the fragile cell sufficiently for flow analysis. Figure 6 Figure 6
shows the DNA content distributions of Chinese hamster (line CHO) cells
treated for two hours with BCNU (A), CCNU (3), or Me~CCNU (C), then re-
suspended in drug-free medium and harvested four days post-drug treat-
ment (for complete details of the ytudy, see Tobey and Crissman 1975b).
Duplicate samples of each drug-treated population were stained using
the acriflavine~Feulgen procedure (open circles) or the mithramycin
techaique (solid circles) and analyzed. Comparison of the DNA profiles
shown in Figure 6 reveals a lower proportion of acriflavine-staincd
cells, particularly in the 4C and 8C regions of the DNA spectra. This
observation suggests that the long-term cytotoxic effecy of these
nitrosourea compounds is exerted primarily on the 4C and 80 cell popula-
tions. This does not precluda the possibiilty that cell damage was
caused initially in some other phase of the cell cycle. Cells able to
divide in the presence of the drug or non-traversing Gl (2C) cells were

the least affected by these -ompounds.
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SUMMARY

We have presented in this report data obtained by FMF analysis
of in vivo model tumor sfstems and the in vitro CHO cell culture system
in an effort to demonstrate a few of the biological applications of
flow systems, particularly for use in cell kinetics and cell growth
studies. Flow systems are no longer viewed as lavoratory novelty items
or "electronic gadgets," as they were referred to a decade or so ago.
Experiments performed in laboratories throughout the world have pro-

vided credibility and respectability to this unicue methodology.



RH. A. Crissman
13
ACKNOWLEDGMENTS

The authors thank J. H. Jett and A. Stevenson for help in
computer analysis of the data; L. §. Cram, D. E. Swartzendruber,
and P. F, Mullaney for helpful criticism of the manuscrip}; J.
Grilly for photography; and C. Oldenborg and E. Sullivan for manu-
script preparation.

This work was performed under the joint sponsorship of the
U. S. Energy Research and Development Administration and the National

Cancer Institute.



H. A. Crissman

14

ABBREVIATIONS

BCNU = 1,3-bis(2-chloroethyl)~l-nitrosourea

CCNU = 1-(2-chloroethyl)-3-cyclohexyl-1l-nitrosourea

DNA = deoxyribonucleic acid

EDTA = disodium ethylenediamine tetraacetic acid

EtOH = ethanol

Me-CCNU = 1-trans-(2-chloroethyl)~-3-(4-methylchlorohexyl)-1-
nitrosourea

saline GM = phosphate-~buffered balanced salt solution containing

1.1 g/1 glucose but lacking calcium and magnesium
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Figure 1. DNA content distributions of mithramycin-stained L1210
ascites cells grown in DBA/2 mice and harvested on days two through

seven.
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Figure 2. Progression of L1210 ascites cells through the Gl’ S,

and G, + M phases of the cell cycla on days two through eight.

2
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Figure 3. Single-parameter and dual-parameter analysis of DNA

and protein in L1210 ascites cells.
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Figure 4. DNA, protein, and gated protein distributions of normal

lung cells (-----) and tumor cells ( ) of primary Lewis lung

carcinoma cell populations.
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Figure 5. DNA, protein, and gated protein distributions of normal

cells (-----) and tumor cells ( ) in lung metastases of the

Lewis lung carcinoma,
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Figure 6. DNA distributions of CHO cells treated with BCNU (A),
CCNU (B), or Me-CCNU (C) and stained either by the acriflavine-
Feulgen procedure (open circles) or the mithramycin technique

(closed circles).



